Resveratrol is a polyphenol produced by plants that has multiple beneficial activities similar to those associated with caloric restriction (CR), such as increased life span and delay in the onset of diseases associated with aging. CR improves neuronal health, and the global beneficial effects of CR have been postulated to be mediated by the nervous system. One key enzyme thought to be activated during CR is the AMP-activated kinase (AMPK), a sensor of cellular energy levels. AMPK is activated by increases in the cellular AMP:ATP ratio, whereupon it functions to help preserve cellular energy. In this regard, the regulation of dietary food intake by hypothalamic neurons is mediated by AMPK. The suppression of nonessential energy expenditure by activated AMPK along with the CR mimetic and neuroprotective properties of resveratrol led us to hypothesize that neuronal activation of AMPK could be an important component of resveratrol activity. Here, we show that resveratrol activated AMPK in Neuro2a cells and primary neurons in vitro as well as in the brain. Resveratrol and the AMPK-activating compound 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) promoted robust neurite outgrowth in Neuro2a cells, which was blocked by genetic and pharmacologic inhibition of AMPK. Resveratrol also stimulated mitochondrial biogenesis in an AMPK-dependent manner. Resveratrol-stimulated AMPK activity in neurons depended on LKB1 activity but did not require the NAD-dependent protein deacetylase SIRT1 during this time frame. These findings suggest that neuronal activation of AMPK by resveratrol could affect neuronal energy homeostasis and contribute to the neuroprotective effects of resveratrol.
R
esveratrol is a polyphenol that is present at high levels in grapes, nuts, pomegranates, and Polygonum cuspidatum, a component of Chinese herbal medicines. Resveratrol has potent antioxidant and antitumorigenic activities as well as important protective effects on the nervous system (1). For example, resveratrol blocks the accumulation of mutant protein aggregates and improves survival in nematode models of Parkinson's and Huntington's diseases (2) . In the short-lived fish Nothobranchius furzeri, resveratrol delays age-dependent declines in locomotor activity and memory and reduces the neurofibrillary degeneration that occurs with normal aging (3) . In mammalian neurons, resveratrol delays axonal degeneration after injury (4) , blocks accumulation of A␤ peptide in vitro (5) , and provides protection from brain ischemia in both adult and neonatal rodents (6) . Because of these promising neuroprotective effects, resveratrol is currently being evaluated in clinical trials of patients with Alzheimer's disease. Interestingly, many of the activities of resveratrol are similar to the beneficial effects offered by caloric restriction (CR), including slowed aging and delaying the onset of chronic diseases (7, 8,) .
Despite these protective effects on neurons, the mechanism of action of resveratrol is not fully understood. Resveratrol has been reported to alter expression of enzymes such as COX2 and ODC, inhibit cytochrome P450 enzymes, and activate the silent information regulator 2 (Sir2) protein, an NAD-dependent protein deacetylase (1) . The activation of Sir2 was an exciting discovery because it provided a molecular link to the effects of resveratrol on longevity. Indeed, increased longevity due to resveratrol in nematodes and Drosophila depends on the presence of functional Sir2 (7) . Resveratrol also consistently mimics the protective effects of SIRT1 (a mammalian Sir2 protein) overexpression in cell culture, suggesting that its neuroprotective effects are also mediated through this pathway.
Resveratrol and CR also cause metabolic changes such as decreased insulin/IGF signaling and increased mitochondrial biogenesis (1, 8) . Interestingly, alterations in insulin signaling and mitochondrial activity also result from activation of AMPactivated kinase (AMPK), the central energy sensor in the cell (9) (10) (11) . AMPK exists as a heterotrimeric complex containing a catalytic ␣ subunit (␣1 or ␣2), a regulatory ␤ subunit (␤1 or ␤2), and a ␥ subunit (␥1, ␥2, or ␥3) (12) . AMPK is activated by alterations in the AMP:ATP ratio that occur in response to energetic stress and requires phosphorylation of Thr 172 in the activation loop of the catalytic ␣ subunit (13) . Two upstream kinases have been identified as activators of AMPK, the tumor suppressor LKB1 (14, 15) and calcium/calmodulin-dependent protein kinase ␤ (CaMKK␤) (16, 17) .
AMPK is activated by a number of pathological stresses, including hypoxia, oxidative stress, glucose deprivation, as well as exercise and dietary hormones, such as leptin and adiponectin (12) . AMPK activation plays a protective role against stress, in particular ischemia, where it decreases infarct size (11, (18) (19) (20) . AMPK is also activated in the hypothalamic neurons under diet-restricted conditions (21) . Because some of the metabolic changes caused by resveratrol mimic those observed in response to AMPK activation, we hypothesized that AMPK activation might be an important mediator of resveratrol actions in neurons. Our results show that resveratrol is a potent activator of AMPK in neuronal cell lines, primary neurons, and the brain. Furthermore, many of the actions of resveratrol, including mitochondrial biogenesis and neurite outgrowth, depended on the presence of a functional AMPK complex and its upstream regulator LKB1. However, resveratrol-mediated AMPK activation during this time period was independent of SIRT1. These results indicate that AMPK influences neuronal differentiation and that at least some of the actions of resveratrol in neurons are mediated by AMPK activation.
Results
Resveratrol Activates AMPK in Neuro2a Cells. Polyphenols, in particular resveratrol, have been touted as CR mimetics and are neuroprotective in a number of paradigms. They are thought to act by stimulating the SIRT protein deacetylases; however, CR is also likely to influence other pathways, including energy sensing pathways, although this mode of action is not well characterized. To explore its role in modulating these pathways, we tested whether resveratrol altered the activity of AMPK in neuronal cells. Neuro2a neuroblastoma cells were treated with 10 M resveratrol, and AMPK activation was examined by using phospho-AMPK-specific antibodies. Resveratrol treatment resulted in a robust increase in AMPK Thr 172 phosphorylation within 2 h that persisted for up to 72 h (Fig. 1A) . Interestingly, resveratrol activated AMPK to an extent similar to that of AICAR (5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside), a well characterized activator of AMPK that is converted to ZMP, an AMP mimetic (18, 19) . To confirm that AMPK activation by resveratrol results in typical AMPK-mediated downstream responses, we monitored phosphorylation of acetylCoA carboxylase (ACC), a primary target of activated AMPK (12) . Using a phospho-ACC-specific antibody, we found that resveratrol stimulation led to robust phosphorylation of ACC both acutely and chronically to a degree similar to that observed with AICAR stimulation (Fig. 1B) .
A well characterized mechanism of AMPK activation is a decrease in cellular energy levels ref lected by an increased AMP:ATP ratio. To determine whether resveratrol-mediated AMPK activation occurs by this mechanism, we measured intracellular AMP and ATP levels in Neuro2a cells treated with DMSO (control) or resveratrol for 2 h. HPLC quantification of AMP and ATP levels failed to detect any increase in the AMP:ATP ratio in resveratrol-treated cells. In direct contrast, we observed a consistent increase in ATP and decrease in AMP levels in the resveratrol-treated cells compared with control cells. ATP and AMP concentrations in DMSO-treated cells were 34 
AMPK Activation by Resveratrol Stimulates Neurite Outgrowth in
Neuro2a Cells. Neuro2a cells are a widely used as an in vitro model of neuronal differentiation. These cells cease to proliferate and begin to differentiate, as evidenced by neurite outgrowth, in response to serum starvation, retinoic acid, or growth factors such as neurotrophins and glial cell-derived neurotrophic factor family ligands. Because AMPK activation inhibits proliferation of a number of cell types (22) , we first tested whether AMPK activation also inhibits Neuro2a cell proliferation. Neuro2a cells grown under serum starvation conditions (0.2% FCS) were treated with 1 mM AICAR or 10 M resveratrol. Twenty-four hours after plating, the number of proliferating cells identified by using Ki67 immunocytochemistry was decreased dramatically (12.8% and 11%) by AMPK activation with AICAR or resveratrol compared with 50% proliferating cells in DMSO controls (data not shown). Both AICAR and resveratrol also induced differentiation of Neuro2a cells as evidenced by increased neurite outgrowth compared with serum starvation alone (Fig. 2) .
Because resveratrol activated AMPK and altered the differentiation of Neuro2a cells, we next asked whether AMPK activity was required for resveratrol-induced neurite outgrowth. To address this issue, we infected Neuro2a cells with lentivirus expressing either GFP alone (FUGW-control) or dominantnegative AMPK (dnAMPK). After 3 days of growth to allow robust lentiviral transgene expression, the medium was replaced with serum starvation medium. Resveratrol promoted robust neurite outgrowth in cells expressing GFP alone, whereas resveratrol-stimulated neurite outgrowth was severely diminished in Neuro2a cells expressing dnAMPK (Fig. 3) . Resveratrolinduced neurite outgrowth was reduced in the presence of 10 M AMPK pharmacological inhibitor Compound C (CC), further supporting the importance of AMPK activity for resveratrolinduced neurite outgrowth. We also infected Neuro2a cells with lentivirus expressing constitutively active AMPK (caAMPK) and found that constitutive AMPK activity significantly enhanced neurite outgrowth (Fig. 3E) . Notably, CC (Fig. 3H) and dnAMPK (Fig. 3F ) by themselves did not cause any significant inhibition of neurite growth, indicating that AMPK inhibition specifically reversed resveratrol-stimulated neurite growth. Taken together, these results indicate that AMPK activation is necessary and sufficient to inhibit Neuro2a proliferation and promote neuronal differentiation.
Resveratrol Induces Mitochondrial Biogenesis Through AMPK Activation. CR induces mitochondrial biogenesis and bioenergetic efficiency in cultured cells (23) and animals (24) . Because AMPK activation also induces mitochondrial biogenesis (10, 11, 25) and resveratrol mimics CR, we tested whether AMPK activation by resveratrol could promote mitochondrial biogenesis. We treated Neuro2a cells for 3 days with either DMSO (control) or 10 M resveratrol in the presence or absence of 10 M CC. We assessed mitochondrial biogenesis by monitoring mRNA levels of mitofusin 2, a mitochondrial protein and marker of mitochondrial mass and two key regulators of mitochondrial biogenesis, peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) and mitochondrial transcription factor A (Tfam) (26) . Quantitative RT-PCR analysis revealed that resveratrol treatment increased Tfam mRNA Ϸ18-fold, whereas PGC-1␣ and mitofusin 2 mRNA levels were increased 2-fold. Interestingly, the resveratrol-induced up-regulation of these mitochondrial markers was severely diminished when cells were treated with resveratrol in the presence of CC (Fig. 3 J and K) or were expressing dnAMPK ( Fig. 3 L and M) . These results suggest that one mechanism by which resveratrol exerts its protective effects is through promotion of mitochondrial biogenesis resulting from AMPK activation.
Resveratrol-Stimulated AMPK Activation Is Independent of SIRT1.
SIRT1 participates in many crucial functions, including protection from stress, aging, and cell cycle regulation (1, 7) . Because a number of biological effects of resveratrol and other polyphenols depend on SIRT1 function, we explored whether AMPK activation and neurite outgrowth by resveratrol depend on SIRT1. First, we confirmed by Western blot analysis and immunocytochemistry that SIRT1 is expressed in Neuro2a cells (data not shown). Next, we stimulated Neuro2a cells with 10 M resveratrol for 2 h in the presence or absence of three inhibitors of SIRT1 (10 M sirtinol, 10 M splitomycin, and 10 mM nicotinamide). None of the SIRT1 inhibitors attenuated the robust activation of AMPK by resveratrol as judged by the increased phosphorylation of AMPK and its downstream target ACC (Fig. 4 A and B) . Similarly, SIRT1 inhibitors had no effect on the ability of resveratrol to stimulate Neuro2a neurite outgrowth (Fig. 4C) . These results suggested that resveratrol effects on AMPK are independent of SIRT1 activity.
Two kinases, LKB1 and CaMKK␤ (14-17), have been identified as upstream activators of AMPK. Although no pharmacological inhibitors of LKB1 are presently available, we were able to use a selective CaMKK␤ inhibitor STO 609 (2.5 M) to test whether resveratrol activates AMPK in Neuro2a cells through CaMKK␤. We found that inhibition of CaMKK␤ had no effect on resveratrolmediated AMPK activation or neurite outgrowth (Fig. 4) . Together, these results suggest that resveratrol-stimulated AMPK activation in Neuro2a cells is independent of SIRT1 or CaMKK␤ function, and we predict the involvement of other upstream activators of AMPK.
LKB1 but Not SIRT1 Is Required for Resveratrol-Stimulated AMPK Activation in Cortical and Dorsal Root Ganglia Sensory Neurons.
Resveratrol activation of AMPK in Neuro2a cells along with the crucial role of AMPK in promoting neurite outgrowth in these cells encouraged us to examine this pathway in primary neurons. We treated E13.5 mouse dorsal root ganglia (DRG) sensory and cortical neuron cultures with 10 M resveratrol or 1 mM AICAR. Western blotting demonstrated that resveratrol stimulated phosphorylation of AMPK and ACC in neurons from both peripheral and central nervous systems [ Fig. 5C and supporting information (SI) Fig. 7C ].
The ineffectiveness of CaMKK␤ inhibitors suggested that LKB1 is likely to be the major effector of AMPK activation in neurons. To test directly the role of LKB1 in the resveratrolmediated activation of AMPK in primary neurons, we took advantage of genetic models of LKB1 deficiency in which LKB1 can be conditionally deleted by using Cre recombinase. We cultured DRG sensory neurons and cortical neurons from E13.5 Lkb1 flox/flox mouse embryos. Neurons were infected with either FUGW lentivirus (GFP control) or lentivirus expressing Cre recombinase to excise the floxed LKB1 alleles (Fig. 5 A and B) . Lkb1-positive (those infected with FUGW) and Lkb1-deficient (those infected with Cre) DRG and cortical neurons were treated with 10 M resveratrol for 2 h, and AMPK phosphorylation was examined by Western blot analysis. Loss of LKB1 significantly reduced resveratrol-stimulated phosphorylation of AMPK and its downstream target ACC in both DRG and cortical neurons (Fig. 5C and SI Fig. 7 ). As observed in Neuro2a cells, the CaMKK␤ inhibitor STO 609 had no effect on resveratrol-induced AMPK phosphorylation in DRG neurons. However, STO 609 did inhibit AMPK and ACC phosphorylation by resveratrol in cortical neurons (SI Fig. 7) . These results indicate that the primary regulator of resveratrol-stimulated AMPK activation in DRG neurons is LKB1. However, in cortical neurons, CaMKK␤ also plays a role in AMPK activation by resveratrol, in accord with previous results indicating that it is a crucial regulator of AMPK in the brain.
To confirm the SIRT-independence of resveratrol-mediated AMPK activation that we observed in Neuro2a cells and in primary neurons, we performed experiments with pharmacological inhibitors as well as genetic experiments with neurons from SIRT1-deficient mice. Similar to our observations in Neuro2a cells, none of the SIRT inhibitors (sirtinol, splitomycin, and nicotinamide) inhibited resveratrol-stimulated AMPK phosphorylation in DRG or cortical neurons ( Fig. 5C and SI Fig. 7) . We also treated embryonic DRG and cortical neurons from SIRT1-deficient mice with resveratrol. Western blot analysis demonstrated that resveratrol stimulated equivalent levels of AMPK and ACC phosphorylation in wild-type and SIRT1-deficient DRG and cortical neurons (Fig. 5 E and F and SI Fig.  7) . Collectively, these results indicate that resveratrol activates AMPK through the LKB1 pathway and that SIRT1 is not involved in this process.
Resveratrol Acutely Activates AMPK in Vivo. Resveratrol has a number of beneficial effects in whole organisms, including protection against cerebral ischemia (6, 27), oxidative stress, excitotoxic brain damage (28) , and posttraumatic seizures and it can lead to an increased life span (7). To extend our in vitro results, we tested whether treating mice with resveratrol activates AMPK in the brain. We injected i.p. 2-month-old male mice with either resveratrol (20 mg/kg body weight) or DMSO (vehicle) (n ϭ 3 for each group). Western blot analysis revealed that a single i.p. injection of resveratrol resulted in increased AMPK (2.5-fold) and ACC (2.1-fold) phosphorylation in the brain within 2 h (Fig. 6) . Taken together, these results indicate that i.p. administration of resveratrol acutely activates AMPK in the brain and that this activation translates into the phosphorylation and presumed inhibition of ACC, an important downstream target.
Discussion
CR results in increased efficiency of energy utilization and promotes longevity and a decreased incidence and/or delay in the onset of chronic diseases, including those affecting the nervous system (29) . It has been proposed that AMPK, which senses alterations in cellular energy levels by monitoring of AMP:ATP ratios, may participate in CR responses through its effects on mitochondrial biogenesis, alterations in anabolic and catabolic pathways, and because it is activated in hypothalamic neurons and hepatocytes in response to a dietary restriction (19, 30) . Many of these responses are also promoted by resveratrol, thus we investigated whether there was a molecular link among resveratrol, AMPK activation, and neuronal metabolism. Our results showed that resveratrol activates AMPK signaling in Neuro2a cells and primary cultured neurons. Using multiple modalities, including pharmacological activators and inhibitors as well as AMPK mutants, we show that AMPK activation, such as that stimulated by resveratrol, is necessary and sufficient for inhibition of cell proliferation, neurite outgrowth, and mitochondrial biogenesis in Neuro2a cells. Finally, using LKB1-and SIRT1-deficient DRG and cortical neurons, we showed that resveratrol-stimulated AMPK activation requires the upstream AMPK kinase LKB1; however, its activation is independent of SIRT1 within the time frames examined.
Resveratrol Activities in the Nervous System. CR increases neuronal resistance to oxidative, metabolic, and excitotoxic insults (31) (32) (33) and has proved beneficial in animal models of neurodegenerative disease (34, 35) . These beneficial effects of CR have stimulated the search for CR mimetics. Studies in yeast have indicated that resveratrol may promote longevity through pathways used by CR, pathways that are dependent on the NAD-dependent protein deacetylase SIRT1/Sir2 (7). In accord, Sir2 overexpression is associated with extended life span in a variety of species, whereas deletion of the Sir2 gene results in decreased longevity (36) . Resveratrol was identified in a screen for Sir2 activators as the most potent agonist of Sir2 activity (37) , thus it is thought that its effects are mediated by stimulating Sir2 deacetylase activity. However, other studies have concluded that resveratrol is not a direct activator of Sir2 proteins and that the increased longevity mediated by CR is independent of Sir2 (38, 39) . Furthermore, inhibition of insulin signaling, a hallmark of CR and longevity, also appears to be promoted by resveratrol in a SIRT1-independent pathway (8) . Interestingly, AMPK signaling also antagonizes insulin signaling (40) , promotes mitochondrial biogenesis, and is necessary for longevity (41) . These observations coupled with our demonstration that resveratrol can activate AMPK and lead to inhibition of ACC suggest that many, if not all, SIRT1-independent CR mimetic actions of resveratrol depend on the AMPK cascade. Indeed, the multiple beneficial effects of resveratrol may be due to its ability to alter the activity of multiple proteins involved in the cellular response to stress (i.e., SIRT1 and AMPK).
Numerous studies have shown that resveratrol can protect against brain damage after ischemia and hypoxia (1, 6) . The neuroprotective activity of resveratrol has also been demonstrated in models of mechanical injury, Alzheimer's disease, and Huntington's disease (3) (4) (5) . These protective actions may occur through hormesis, i.e., agents that produce low levels of stress (and therefore stimulate the organism to initiate a stress response) help the organism adapt to more intense stresses at later times. The stimulation of AMPK by resveratrol would be consistent with this idea because AMPK is activated at times when the energy levels of the cell are low. Indeed, the phenomenon of preconditioning lesions, which consist of a mild ischemic episode that promotes tolerance to subsequent severe ischemic insults, is well known (42) . Pomegranate juice, which is rich in resveratrol, also provides neuroprotection against ischemic episodes (25) . Both ischemic preconditioning and resveratrol result in AMPK activation in the brain, suggesting that perhaps they work through a common protective mechanism.
AMPK Activation and Neuronal Function. AMPK function appears to play a crucial role in neuronal energy metabolism on two levels. First, at the organismal level, AMPK activation in hypothalamic neurons plays a central regulatory role in whole-body energy expenditure and peripheral glucose metabolism (43) , and studies in AMPK␣2 knockout mice revealed that AMPK in sympathetic neurons regulates whole-body insulin sensitivity (44) . Moreover, AMPK activation in the rat brain protects neurons during energy deprivation (16) , whereas mutation in the AMPK ␥ subunit in Drosophila leads to progressive neurodegeneration further supporting the role of AMPK in preserving neuronal integrity (45) . Second, at the cellular level, AMPK functions as an important energy sensor. The principal regulator of AMPK activation is thought to be an increase in the AMP:ATP ratio. However, other mechanisms, including intracellular calcium mobilization (15, 46, 47) , can also activate AMPK. Indeed, resveratrol must activate AMPK through one of these alternative mechanisms because we did not observe any increase in the AMP:ATP ratio in resveratroltreated Neuro2a cells.
In a study published while this paper was being prepared, the activation of AMPK in liver by resveratrol was demonstrated (48) . Here, we show that resveratrol also produces dramatic effects on neuronal function and that these effects are mediated by AMPK activation. Although the exact mechanism of resveratrol-mediated AMPK activation is unclear, it is under the influence of LKB1 and, in CNS neurons, also of CaMKK␤. Whether resveratrol directly activates these kinases or alters other cellular pathways is unknown; however, it is unlikely to involve their rapid deacetylation by SIRT1 because resveratrol activation of AMPK at 2 h occurs normally in neurons lacking SIRT1. Because both SIRT proteins and AMPK are involved in the cellular response to metabolic stress, it will be interesting to determine whether there are additional interactions between these two protein families in neurons and other cells.
Materials and Methods
Mice. Lkb1-floxed mice were the gift of Ronald A. Depinho (Dana-Farber Cancer Institute, Boston, MA). SIRT1 heterozygous mice were kindly provided by Frederick W. Alt (Harvard University Medical School, Boston, MA). 
